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OBJECTIVE — To test whether early, insulin-mediated microvascular recruitment in skeletal 
muscle predicts steady-state glucose metabolism in the setting of physiological elevation of free 
fatty acid concentrations. 

RESEARCH DESIGN AND METHODS— We measured insulin's microvascular and 
metabolic effects in 14 healthy young adults during a 2-h euglycemic insulin clamp. Plasma free 
fatty acid concentrations were raised (Intralipid and heparin infusion) for 3 h before the clamp 
and maintained at postprandial concentrations during the clamp. Microvascular blood volume 
(MBV) was measured by contrast-enhanced ultrasound (CEU) continuously from baseline 
through the first 30 min of the insulin clamp. Muscle glucose and insulin uptake were measured 
by the forearm balance method. 

RESULTS — The glucose infusion rate (GIR) necessary to maintain euglycemia during the 
clamp varied by fivefold across subjects (2.5-12.5 mg/min/kg). The early MBV responses to 
insulin, as indicated by CEU video intensity, ranged widely, from a 39% decline to a 69% in- 
crease. During the clamp, steady state forearm muscle glucose uptake and GIR each correlated 
significantly with the change in forearm MBV (P < 0.01). To explore the basis for the wide range 
of vascular and metabolic insulin sensitivity observed, we also measured Vo 2max i n a subset of 
eight subjects. Fitness (Vo 2ma x) correlated significantly with the GIR, the forearm glucose uptake, 
and the percentage change in MBV during the insulin clamp (P < 0.05 for each). 

CONCLUSIONS — Early microvascular responses to insulin strongly associate with steady 
state skeletal muscle insulin-mediated glucose uptake. Physical fitness predicts both metabolic 
and vascular insulin responsiveness. 



Insulin recruits underperfused capillar- 
ies to increase skeletal muscle micro- 
vascular blood volume (MBV), as 
measured by contrast-enhanced ultra- 
sound (CEU), within 20 min in both 
rats (1) and humans (2,3). This effect oc- 
curs with physiological insulin concentra- 
tions (2,4) and precedes both changes in 
total limb blood flow (1,5,6) and insulin's 
metabolic action (1). In rodents, micro- 
vascular recruitment enhances the rate 
at which insulin is delivered to muscle 
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interstitium (7), thereby facilitating insu- 
lin's metabolic action, and exercise training 
has been shown to enhance insulin- 
induced microvascular recruitment and 
muscle glucose disposal in rodents (8). 

Raising plasma concentrations of free 
fatty acids (FFAs) induces insulin resis- 
tance within 2-4 h, can induce inflamma- 
tion in muscle (9) and in circulating 
leukocytes (10), and produces endothe- 
lial dysfunction (10,11). Clinical studies 
have shown a marked impairment in 



insulin's ability to recruit both muscle 
and skin microvasculature in chronically 
insulin-resistant obese subjects (12-14). 
FFA-induced insulin resistance impairs 
insulin-mediated microvascular recruit- 
ment in skin with elevation of FFA to 
physiological levels (~1 mmol/L) (15) 
and in muscle microvasculature with 
higher FFA levels ~3 mmol/L (16). 

Both acute exercise and training can 
affect the metabolic response to raising 
plasma FFA. Raising plasma FFA acutely 
through lipid and heparin infusion has 
less effect on insulin sensitivity in indi- 
viduals who exercised intensively the 
preceding day (17). Exercise training 
also prevents FFA-induced hepatic and 
peripheral insulin resistance (18). It is 
not known whether training affects insu- 
lin-induced microvascular recruitment or 
the ability of FFA to inhibit recruitment in 
humans. 

Recently, we reported that human 
skeletal muscle insulin uptake (product 
of forearm blood flow and arteriovenous 
concentration) could be quantified and 
that it occurred through a saturable trans- 
port process at physiological concentra- 
tions of insulin (2). Whether FFA elevation 
would, by blocking insulin-induced in- 
creases in MBV, also limit muscle insulin 
uptake is not known. 

In this study, CEU was used to mea- 
sure muscle microvascular perfusion and 
paired arterial and venous sampling to 
measure muscle insulin and glucose up- 
take in response to a physiologic insulin 
infusion in 14 healthy volunteers whose 
plasma FFA levels were maintained in a 
range encountered in human insulin- 
resistant states (—1.0 mmol/L). To exam- 
ine whether fitness was predictive of these 
responses, a subset of 8 volunteers under- 
went maximal exercise testing to quantify 
the relationship between Vo 2ma x and 
muscle metabolic and microvascular in- 
sulin sensitivity. 

RESEARCH DESIGN AND 
METHODS — Studies were performed in 
14 lean (BMI 22 ± 1 kg/m 2 ), healthy 
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volunteers (7 male and 7 female), aged 
18-35 years without a personal or family 
history of hypertension or diabetes and re- 
ceiving no medications. The studies were 
not scheduled to correspond to a particu- 
lar phase of the menstrual cycle in the 7 
females because insulin clamp-measured 
insulin sensitivity in lean, healthy young 
women is not significantly affected by cy- 
cle phase (19). The study protocol was ap- 
proved by the University of Virginia 
institutional review board, and each sub- 
ject gave written consent. All studies were 
performed in the General Clinical Re- 
search Center. 

All subjects had normal results of 
physical examination, liver function tests, 
fasting glucose, and lipid profile. Eight of 
the 14 subjects performed a treadmill 
exercise test after an overnight fast, with 
the standard Bruce protocol used to de- 
termine Vo 2ma x. Each participant began 
walking at an initial velocity of 60 m/min, 
with velocity increasing by 10 m/min 
every 3 min (the duration of each stage) 
until volitional exhaustion. Metabolic 
measures were obtained through stan- 
dard open-circuit spirometry (Viasys 
Vmax 229; CareFusion, Yorba Linda, 
CA). Vo 2 peak was determined as the 
highest 1-min oxygen consumption 
value obtained. 

For the insulin clamp, each of the 14 
subjects was admitted to the General 
Clinical Research Center the evening be- 
fore the study. After an overnight 12-h 
fast, volunteers were studied while supine 
according to the following protocol: 
A brachial arterial catheter and a retrograde 
median antecubital venous catheter were 
placed for blood sampling. In the contra- 
lateral arm, a venous catheter was placed 
for the infusion of lipid, glucose, insulin 
and Definity microbubbles. An infusion 
of 20% lipid emulsion (Abbott Laborato- 
ries, Chicago, IL) was initiated at a rate of 
45 mL/h for 1 h and then at 30 mL/h for 
4 h. A second venous catheter was placed 
in the same arm for an infusion of 
heparin at a rate of 0.2 units/kg/min. 
Both these infusions continued for 5 h. 
After 150 min of lipid infusion, paired 
arterial and venous samples were taken 
every 10 min three times for measure- 
ment of plasma glucose, insulin, FFAs, 
and lactate. Forearm blood flow was 
measured after each set of arterial and 
venous samples by Doppler ultrasound. 
At 175 min of lipid infusion, CEU mea- 
surements of forearm muscle MBV were 
initiated and continued for 40 min as 
described below. 



Euglycemic insulin clamp 

At time 180 min, a primed 3 mU/min/kg 
insulin infusion was started in the arm 
contralateral to the arterial catheter. This 
infusion was decreased by 0.2 mU/min/kg 
each min during the next 10 min and then 
maintained at a rate of 1 mU/kg/min for 
the next 110 min. Arterial plasma glucose 
was maintained at basal levels with a 
variable rate 20% glucose infusion (eu- 
glycemic clamp) (20). Whole-body glu- 
cose disposal at steady state (80-120 
min of the clamp) was estimated from 
the glucose infusion rate (GIR) required 
to keep arterial glucose constant. Forearm 
glucose and FFA balances (net uptake or 
release) were determined from the arte- 
riovenous concentration difference ob- 
tained every 10 min from 150 to 300 
min of lipid infusion. To avoid interfer- 
ence with the CEU images, no arterial or 
venous samples were collected from 180 
to 210 min of lipid infusion. 

MBV was measured with a SONOS 
7500 ultrasound system (Philips Medical 
Systems, Bothell, WA) with harmonic 
imaging during the continuous infusion 
of perfluorocarbon gas-filled lipid micro- 
bubbles (Definity; Lantheus Medical Im- 
aging Co., Billerica, MA), as described 
previously (2). CEU images were down- 
loaded to an off-line image analysis system 
(Q-Laboratory; Philips Medical Systems, 
Andover, MA). Background-subtracted 
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acoustic intensity was measured from a re- 
gion of interest around the deep forearm 
flexor muscles, as described previously 
(12,21). Changes in MBV with time dur- 
ing insulin exposure were calculated from 
the acoustic intensity expressed as mean 
decibels. 

Brachial artery blood flow was mea- 
sured at baseline and every 20 min from 
40 to 120 min of the insulin clamp with 
the SONOS 7500 ultrasound system with a 
linear-array transducer and a transmit 
frequency of 12 MHz. Two-dimensional 
imaging of the brachial artery was per- 
formed in the long axis approximately 
10 cm proximal to the antecubital fossa. 
Images were triggered to the R wave of the 
cardiac cycle, and the brachial artery di- 
ameter was measured with online video 
calipers. At the same location, the time 
average mean blood velocity was mea- 
sured with pulsed-wave Doppler ultra- 
sound. Brachial artery mean blood flow 
was calculated according to the following 
equation: Q = v • 7r(<i/2) 2 , where Q is bra- 
chial blood flow, v is mean brachial artery 
blood flow velocity, and d is brachial ar- 
tery diameter. 

Insulin was measured with a solid- 
phase two-site chemiluminescent assay 
(Diagnostic Products Corporation, Los 
Angeles, CA). The FFA level was mea- 
sured with a colorimetric assay (Waco 
Diagnostics, Richmond, VA). Glucose 



Table 1 — The measured phenotypic characteristics of all subjects studied 







Group 1 


Group 2 




Men in = 


1) Women (n = 5) 


Men in = 6) 


Women (n = 2) 


Age (years) 


28 


21 ± 0.6 


20 ± 0.6 


18 ± 1 


Height (cm) 


193 


163 ± 6 


181 ± 4 


169 ± 6 


Weight (kg) 


87 


57 ± 7 


72 ± 4 


56 ± 2 


Fat weight (kg) 


9 


14 ± 3 


12 ± 3 


15 ± 0.5 


Lean weight (kg) 


77 


43 ± 5 


59 ± 5 


41 ± 2 


Body fat (%) 


11 


24 ± 4 


17 ± 4 


28 ± 1 




82 


70 + 4 


76 ±2 


71 + 1 


Sagittal diameter (cm) 


20 


17 ± 1 


19 ± 1 


18 ± 0.5 


Total cholesterol (mg/dL) 


159 


137 ± 7 


147 ± 11 


125 ± 12 


LDL cholesterol (mg/dL) 


100 


75 ± 5 


88 ± 9 


74 ± 5 




Triglycerides (mg/dL) 


39 


59 ± 19 


63 ± 10 


38 ± 15 


Systolic blood pressure 










(mmHg) 










Diastolic blood pressure 










(mmHg) 


78 


67 ± 5 


67 ± 2 


69 ± 6 


Vo 2 max (mL/kg/min) 






43 ± 3.5 


35 ± 3.2 



Group 1 comprises the six subjects who did not undergo Vo 2 ma x testing; group 2 comprises the eight who 
did. Values are mean ± SEM. 
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and lactate were measured in duplicate 
with a YSI 2300 analyzer (Yellow Springs 
Instruments, Yellow Springs, OH). Base- 
line coagulation parameters, liver func- 
tion tests, and fasting lipid profile were 
performed by standard assays in the 
University of Virginia Clinical Chemis- 
tries Laboratory. 

Forearm balances for glucose, FFAs, 
and insulin were calculated as follows: 
balance = ([A] - [V]) • F, where [A] and [V] 
are arterial and venous concentrations and 
F is forearm blood flow in milliliters per 
minute per 100 mL forearm volume. A pos- 
itive balance corresponded to a net uptake, 
whereas a negative balance signaled a net 
release of substrate. For calculation of glu- 
cose balance, blood flow was used; for FFA 
and insulin, we used forearm plasma flow, 
derived as blood flow • (1 - Hematocrit). The 
clearance of insulin was calculated as the 
product of the extraction fraction of insulin, 
derived as ([A] - [V])/[A], and forearm 
plasma flow per 100 mL forearm volume. 

Statistical analysis 

Data are presented as means ± SE. Com- 
parisons were made by paired Student 
t test for the following: between mean 
baseline (—30 to —10 min) and mean 
steady state (80 to 120 min) values for 
forearm glucose uptake (FGU), forearm 
insulin uptake (FIU), FFA balance, insu- 
lin clearance and total forearm blood 
flow; between baseline and 25 min for 
CEU acoustic intensity; between 0 and 
30 min for arterial FFA concentration; 
and between the highest and lowest tertile 
of percentage MBV change. Pearson 
product-moment correlation coefficient 
was computed to determine the relation- 
ship between specific variables. For all 
analyses, P < 0.05 was considered statis- 
tically significant. Statistics were calcu- 
lated with Sigmastat 3.2 (Systat Co., 
Richmond, CA). 

RESULTS — Table 1 gives the clinical 
characteristics of all 14 subjects studied bro- 
ken down into the two groups who either 
did not (group 1) or did (group 2) have 
Vo 2ma x measured. All were normotensive, 
were nonobese, and had normal values 
for serum lipids. Before beginning the in- 
sulin clamp, the 3-h Intralipid and heparin 
infusion had raised the arterial plasma 
FFA concentration to 2.0 ± 0.2 mmol/L. 
Plasma glucose averaged 5. 1 ± 0. 1 mmol/L, 
and forearm blood flow was 6.5 ± 0.4 
ml7min/l 00 mL. The basal forearm glu- 
cose and FFA balances averaged 0.65 ± 
0.1 and -0.1 ± 0.2 |xmol/min/l 00 mL, 
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Figure 1 — A: The correlation between the GIR and FGU, each measured during the last 40 min oj 
the euglycemic insulin clamp. B: The correlation between FGU measured during the last 40 min 
of the insulin clamp and the percentage change of MBV measured during the first 30 min of 
insulin infusion. C: The correlation of GIR measured during the last 40 min of the insulin clamp 
with the percentage change in MBV during the initial 30 min of insulin infusion. FAV, forearm 
volume. 
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respectively. The basal arterial insulin con- 
centration was 37 ± 5 pmol/L, which sig- 
nificantly (P < 0.001) exceeded that in the 
forearm venous blood (32 ± 4 pmol/L), 
resulting in a significant FIU of 17.8 ± 3.0 
fmol/min/100 mL. Basal forearm insulin 
clearance averaged 0.49 ± 0.07 mlVmin/ 
100 mL. 

The intravenous insulin infusion 
raised arterial insulin concentrations 
from 36 to 251 ± 11 pmol/L during the 
120 min of hyperinsulinemia. Arterial 
glucose averaged 5.1 ± 0.8 mmol/L dur- 
ing the baseline period and was main- 
tained within 5% of baseline throughout. 
Arterial plasma FFA concentrations had 
declined sharply by 30 min of insulin 
infusion (P < 0.001) and plateaued at 
1.1 mmol/L by 80 min. Forearm blood 
flow was unchanged from basal during 
the insulin infusion (6.5 ± 0.4 vs. 6.7 ± 
0.5 mIVmin/100 mL). 

FGU during the last 40 min of the 
insulin infusion averaged approximately 
sixfold the basal value (0.65 ±0.1 vs. 
3.8 ± 0.8 |xmol/min/100mL; P < 0.01) 
and ranged across subjects from 0.2 to 9.9 
(xmol/min/100 mL. FFA balance was un- 
changed (-0.1 ± 0.2 vs. 0.1 ± 0.3|xmol/ 
min/1 00 mL). The whole-body GIR dur- 
ing the last 40 min of the insulin clamp 
ranged from 11 to 68 |xmol/kg/min (av- 
erage 31.3 ± 4.6 fxmol/kg/min). There 
was the expected strong correlation 
(r = 0.876; P < 0.001) between FGU 
and the GIR (Fig. 1A), each measured 
during the last 40 min of the clamp, un- 
derscoring the role of skeletal muscle 
in body glucose disposal under hyperin- 
sulinemic conditions. FIU also rose sig- 
nificantly during hyperinsulinemia 
(18 ± 3 to 80 ± 12 fmol/min/lOOmL; 
P < 0.01), whereas forearm clearance 
of insulin trended downward (0.49 ± 
0.09 vs. 0.33 ± 0.05 ml/min/100 mL; 
P = 0.14). 

On average, there was no change in 
the MBV observed between baseline and 
30 min of insulin infusion (5.4 ±1.0 vs. 
5.8 ± 1.1 acoustic intensity units), con- 
sistent with FFA elevation blocking the 
vascular effect of insulin to increase 
MBV. We did, however, observe that the 
microvascular responses varied consider- 
ably across individuals, from a 39% decline 
to a 69% increase in MBV. Furthermore, 
there was a strong correlation between the 
increase in FGU and the percentage change 
in MBV (r = 0.80; P < 0.01), consistent 
with a positive relationship between per- 
fusion volume and the metabolic effect of 
insulin (Fig. IB). Likewise, there was a 



significant correlation between the GIR 
and percentage change in MBV (Fig. 1C). 
There was no significant correlation 
between forearm blood flow and GIR 
(r = 0.16; P = NS). Likewise, we found 
no correlation between percentage change 
in MBV and the plasma FFA concentration 
measured during the first hour of the in- 
sulin clamp (r = 0.09; P = NS). 

This study was not powered to 
address whether there was an effect of 
sex on this response. We did, however, 
observe a significant correlation be- 
tween percentage change in MBV and 
FGU in both women (r = 0.77; P< 0.05) 
and men (r = 0.88; P < 0.01) and a cor- 
relation between percentage change in 
MBV and whole-body GIR that was not 
significant in women (r = 0.60; P = NS) 
although it was nearly significant in 
men (r = 0.74; P = 0.06). This suggests 
that the relationship between MBV and 
muscle glucose uptake holds for both 
sexes. 

Comparing the five subjects in the 
highest tertile with the five in the lowest 
tertile of MBV percentage change, we found 
that FGU was markedly higher (6.5 ± 1.2 
vs. 0.7 ± 0.3 |xmol/min/l 00 mL; P < 0.01) 
in the group that had the more responsive 
microvasculature (Fig. 2). FIU averaged 
nearly threefold greater in that group 
(92 ± 29 vs. 32 ± 7 fmol/min/100 mL; 



P = 0.08), but this difference was of bor- 
derline significance (Fig. 2). 

Of the 14 subjects, 8 agreed to have 
V°2 max measured on a separate day from 
the clamp study. The mean Vo 2ma x was 
43 ± 4 mL/min/kg and ranged from 29 
to 63 mL/min/kg. Compared with the 
other 6 subjects there were no differ- 
ences in these 8 in BMI, age, fasting insulin 
or glucose, or the plasma concentrations 
of FFA (1.05 ± 0.16 vs. 1.14 ± 0.13 
mmol/L), insulin (250 ± 15 vs. 252 ± 
18 pmol/L), or glucose (4.9 ±0.1 vs. 
5.1 ± 0.1 mmol/L) during the last 40 
min of the clamp. We observed that in 
this subgroup the ranges of responses to 
insulin of GIR (2.0-12 mg/min/kg), FGU 
(-0.1 to +8.0 mmol/min/1 00 mL), and 
MBV percentage change ( — 40 to +40) 
were comparable to those of the group 
as a whole (Fig. 1A-C ). In this subgroup 
there was again the expected correlation 
(r = 0.823; P < 0.02) between FGU and 
GIR (Fig. 3A). In these subjects there were 
significant correlations between Vo 2ma x 
and FGU (Fig. 3B) and between Vo 2ma x 
and percentage change in MBV (Fig. 3C). 
Finally, in this subgroup we again found 
a significant correlation (r = 0.743; P < 
0.05) between the percentage change in 
MBV and FGU (Fig. 3D). In contrast, there 
was no correlation between changes in 
blood flow (either absolute or percentage 




Lower vs Upper Lower vs Upper 



Tertile Tertile 

Figure 2 — A: The mean ± SEM of FGU observed in the five individuals who either had no in- 
crease in MBV or had an actual decline (lowest tertile) versus that in the five individuals who had 
the greatest percent increase in MBV (highest tertile). B: The mean ± SEM changes in FIU be- 
tween baseline and the last 40 min of the insulin clamp in the same two groups. The P values were 
determined by unpaired t tests. FAV, forearm volume. 
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Figure 3 — A: The correlation between whole-body GIR and FGU, each measured during the last 40 min of the insulin clamp, in eight individuals in 
whom fitness was assessed by Vo 2max . B: The correlation between the Vo 2max and FGU in the same individuals. C: The correlation between Vo 2max 
and the percentage change in MBV seen during the first 30 min of insulin infusion in the same individuals. D: The correlation between FGU measured 
during the last 40 min of the insulin clamp and the percentage change of MBV measured during the first 30 min of the insulin infusion in the same 
individuals. FAV, forearm volume. 



change from basal) and GIR or Vo 2max , 
suggesting that under these experimental 
conditions regulation of MBV is more 
closely linked than is total blood flow to 
insulin's metabolic effect. 

CONCLUSIONS— Previously, we re- 
ported that euglycemic hyperinsulinemia 
significantly enhanced forearm MBV in 
healthy humans (3) and that metabolic 
insulin resistance, such as occurs with 
obesity (12) and with lipid infusion 
(16), blunts insulin's action to increase 
MBV. In those studies we did not directly 
measure muscle glucose uptake, how- 
ever, and MBV was measured at baseline 
and after 2 h of hyperinsulinemia. Be- 
cause insulin's microvascular action in 
muscle occurs within 15-30 min (2) of 
infusion and because we (22) and others 
(23,24) have hypothesized that insulin's 



access to muscle interstitium is rate limiting 
for insulin's metabolic action in muscle, we 
wanted to compare early insulin-induced 
changes in MBV with subsequent muscle 
glucose metabolism and to do so in the 
setting of physiological FFA elevation to 
levels observed in the postprandial state 
in insulin-resistant individuals. In this 
study, changes in MBV were measured dur- 
ing the first 30 min of hyperinsulinemia 
and forearm glucose metabolism between 
80 and 120 min. In the current study, by 
maintaining postprandial plasma FFA 
concentrations (—1.1 mmol/L), we found 
that both muscle MBV and FGU varied 
over a wide range in healthy young adults. 
Most intriguingly, there was a strong cor- 
relation between insulin's early microvas- 
cular action and subsequent metabolic 
action in muscle, underscoring the physi- 
ological importance of microvascular 



insulin sensitivity to muscle glucose me- 
tabolism. Beyond that, we noted that the 
level of fitness appeared to impact both 
microvascular and metabolic responses 
to insulin during the lipid infusion. This 
is of particular interest in light of recent 
reports that both an acute bout of endur- 
ance exercise (17) and overall fitness 
(18,25) interfere with the ability of lipid 
infusions to diminish insulin sensitivity. 
This suggests that muscle microvascula- 
ture, like muscle itself, responds to exer- 
cise and training to preserve insulin 
responsiveness. 

FFAs are thought to induce muscle 
insulin resistance at least in part through 
the activation of an inflammatory re- 
sponse (9), which itself may result from 
increased oxidative stress (26). In hu- 
mans, acutely raising plasma FFA level 
(as was done here) has been observed to 
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enhance nuclear factor- kB activity in cir- 
culating mononuclear cells and plasma 
concentrations of macrophage migration 
inhibition factor, consistent with an acute 
inflammatory response. This was accom- 
panied by a decrease in brachial artery 
flow-mediated dilation consistent with 
an impact of raised FFA level, with or 
without inflammation, on endothelial 
function (10). Exercise has repeatedly 
been shown to increase production of re- 
active oxygen species; however this reac- 
tive oxygen species production appears to 
play a synergistic role in activating and 
regulating antioxidant pathways (27), in- 
cluding manganese superoxide dismutase 
(28), glutathione peroxidase (29), and 
heme oxygenase- 1 (30). This tightly reg- 
ulated bidirectional redox signaling 
appears to occur in part through the 
NF-kB and mitogen-activated protein ki- 
nase (27) signal transduction pathways. 
The observation that fitness mitigates 
the inhibitory effect of FFAs on muscle's 
microvascular response to insulin sug- 
gests that the muscle vasculature of fit 
volunteers has developed a capacity to 
protect against oxidative stress induced 
by FFA infusion. Insulin's action to en- 
hance microvascular perfusion is depen- 
dent on nitric oxide production. FFAs 
have been shown in rats to impair endo- 
thelial cell nitric oxide production acting 
through the inhibitor of kB kinase p path- 
way (31) and to impair insulin-induced 
nitric oxide production and leg blood 
flow changes in humans (32). We have 
shown that insulin's effect to increase 
MBV is blocked by inhibition of nitric 
oxide synthase. The greater response of 
MBV to insulin in fit individuals seen 
here suggests that fitness may abrogate 
the effect of FFAs to inhibit vascular nitric 
oxide production. 

In the current study, we observed a 
significant uptake of insulin by forearm 
muscle under both basal and hyperinsu- 
linemic conditions. The basal FIU and 
clearance of insulin observed here were 
not different than we reported previously 
in healthy controls not receiving lipid (2). 
Likewise, insulin uptake by muscle dur- 
ing the clamp was comparable to that 
which we reported earlier (2). We noted 
however that there was a wide range of 
FIU among subjects. As was seen with 
glucose, there appeared to be greater up- 
take among persons who responded to 
insulin by increasing MBV (Fig. 1). 
Among the 8 subjects who had Vo 2ma x 
measured, the mean rate of FIU during 
the last 40 min of the insulin clamp 



ranged from 22 to 112 fmol/min/100 
mL. We divided these 8 subjects into 
two groups, four with high Vo 2ma x and 
four with low Vo 2ma x (average 50 ± 4 
vs. 36 ± 3 mL/min/kg) and compared 
FIU rates. FIU during the clamp was 
nearly twofold greater in the 4 physically 
fit individuals (82 ± 16 vs. 46 ± 9; P = 
0.06). This suggests that enhanced insulin 
delivery in physically fit individuals may 
contribute to the increased skeletal mus- 
cle insulin sensitivity seen with increasing 
fitness. 

As noted in results, FGU was much 
greater in subjects with good microvascu- 
lar responses to insulin, as reflected by 
increases in MBV. In four subjects the 
MBV actually declined below basal level 
during insulin infusion. We had previ- 
ously observed this behavior during In- 
tralipid infusion in rat studies and found 
that the decline could be prevented by 
coinfusion of BQ123, an endothelin A re- 
ceptor blocker (33). This led us to suggest 
it may be due to selective inhibition by 
FFAs of endothelial nitric oxide synthase 
activation with preservation of insulin's 
action to increase endothelin 1 produc- 
tion in the micro vasculature, as has been 
observed in the Zucker (fa/fa) rat (34) and 
in several in vitro studies (35,36). A sim- 
ilar decrease in microvascular perfusion 
was reported for human cardiac muscle 
in response to meal ingestion in diabetic 
patients but was not seen in healthy vol- 
unteers (37). 

A limitation of the current study is 
that we do not have measures of MBV 
before beginning the lipid infusion. This 
is due to the limitation of the amount of 
Definity that can be infused in humans 
during a single study. In rats, Intralipid 
with heparin infusion alone did not in- 
crease MBV (33). Another limitation re- 
lates to whether fitness per se or some 
other lifestyle difference associated with 
fitness explains the correlation between 
Vo 2ma x an d insulin-induced changes in 
MBV. 

In summary, we have observed that 
during mild, physiological increases in 
plasma FFA concentrations, both meta- 
bolic and vascular insulin sensitivities 
vary widely in otherwise healthy humans. 
Early microvasculature recruitment cor- 
relates strongly with subsequent muscle 
glucose uptake. This is consistent with a 
role for insulin's microvascular action in 
modulating insulin's metabolic action in 
muscle. Impaired microvascular respon- 
ses may also diminish muscle insulin up- 
take, perhaps accounting in part for the 



muscle insulin resistance seen. Finally, 
physical fitness appears to blunt the in- 
hibitory effect of raising plasma FFA on 
insulin-induced muscle microvascular re- 
cruitment and glucose. 
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